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tin- 'context of ongoing and accumulating studies. The review i-. useful in \ie\\ ol tin- immenseb increasing work on

abidopsis thaliana, the model species ol plant molecular hiol.igy. and on important crop plants such as species of

rassira. Traditional and mnlcculard.ased pin logenies are critically discussed, new generic alignments are pinpus,-,!.

id groups in need ol m.T Mil ii ul d« lifi. I li I 'I I
I. ...i inol ul.it u« n« H« - mil

nelopment of 1. tlwlmwi is onlv \en douK creeping into the sv denial ic- of lira-ieaeeac. future directions ol

search should move hevoml assessing generic iclal lo.iships or limits, and should also address character development

homoplastic characters, the nature ol the genome, and many other new

.. _ .,. . etailed molecular studies o

I'.i l-.li ae< ic. (.11

I), I

,;il)i). Second, main spe-

ema R. Hi., ilyssum L.

, Draba L.. Erysimum I...

forage and fodder for animals, or as vegetables Hesperus L.. /beds L., L>bularia Desv., Lunaria L.,

(Crisp, 1976; Simmonds. I9B0). The mosl impot- and Matthiola R. Br. are enllivated as ornamentals

tant members belong to the genus Brassica L., in- (Al-Shehbaz, 1984). Third, Arabidopsis thaliana

eluding varieties of B. oleracea I., (broccoli, bins- (L) Heynh. (thale cress) is considered to be the

sels sprouts, eabbage. cauliflower, kale, kohlrabi. most important flowering plant for conducting ex-

savoy). B. juncea (L) C/.ern. (Indian mustard). B. perimenlal work in various fields of biology, in-

nigra (L.) W. D. J. Koch (black mustard). B. napus eluding plant genetics, physiology, development,

L. var. napobrassica (I..) lu lib. (rutabaga). B. napus pathology, genetic engineering, and related fields,

van napus (rape), and B. rapa I,, (summer turnip In recent years. 1. thaliana has become a model

rape, Chinese mustard, Chinese cabbage). Other lo- system for plant molecular biology, which has cul-

cally important crops are Lepidium sativum L. minated in the recent publication of its complete

(cress), L. meyenii Walp. (maca). \rmoracia rusti- genomic sequence (The \rabidopsis Genome Ini-

cana P. Gaertn., B. Mey. & Scherb. (horseradish). tialive, 2000). also available via the World Wide

Raphanus salivas L (radish). Sinapis alba L and Web (<http://www.nature.com/genomics/papers/

B. juncea (both used in the manufacture of table a_thaliana.html)). Arabidopsis thaliana has a small

mustard), Nasturtium officinale R. Br. (watercress). genome, is fast growing, easy to cultivate with min-

Corhlearin officinalis I., and Caulanane amara L ims.il space and care demands, and self-pollinating
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/or, frenetic modifications by transf'nr- to the septum), such as the members of tribe Lop
itinely accomplished to generate mu- idieae sensu Schulz (1930). while in the majorit

s particular genes. Stock ecu- ,,|' the family the fruits arc cither latiseplate (com

proved parallel to llic -epliiml or llol ll.itleued lie
seeds

mutants, mapp.ng populations. DYA libraries. ,-,.,,. or angled in cross section). On the basi
YACs (yeast artificial chromosomes), and BACs length/width ratio, the fruits have been traditionally
(bacterial artificial chromosomes) for molecular divided into silkies (length less than three times
analysis in genetics and <levelopme.it. A central wi( | th ) or s j|j qut . s (| (M1 ,

t |, „„„,. tllan ,| lrefl timrs
,

I
,
"' S,I,,M '"' ''"^ " - •"' h I"" '

- '"« •» a PI^ width), but such division, though useful for iden-
wledge

atory lines/strains of A. lhaliana) to wild plant lin |; u , Al-Sh.-hba/. 1981: \ppel c\ '\|_Sl7<hV
•ecies. \ wealth ol i nloi iii.n ion on 1. lhaliana i

•Ironically ({http://www.aspb. m( . |m , e embryologi(

. is arbitrary and ha- limited pli\ l«»-«-i

1984; A

i ! >psis)L and it should be

•onsulted by biologist- Iioiii ,

tar-gland morpl

types.
deisland the evolutionary process- .,,,'., i II.. i r-II- •

lUIIllliei.
I

-..-,. ;!
,

:i il naloiin .lll.l -ml, lee.

dth their e.r

. work with
o

from the early 19th to the i

most notable of which are those of de Candolle

(I 82 1), Prant I (1891). Hayek ( 191 1 ), Schulz (1 936).

and Janchen (19 12). According to these systems,

the Brassicaceac can be divided into amwhere

from 4 to 19 tribes and 20 to 30 Mihlril.es. Becenl
><>ini\is. annual versus perennial life cycles, and
orpholo-i, al characters -ueh as leal architecture.

,il diversity, development ol v b „„,. seed T ^^ {V *< ^ H i,L 2(MMa
>

S, W*
oduction. and trichome morphologv. Therefore.

'
Wt »^ tax„nom.«- subdivisions mostly do not re-

i increasing number of molccuhir and evolution-
|>h\ logenetic relationships. Molecular data

\ biologist are Ionising on the study of the Jil'd
sllon ^ lv ^pport a sister relationship between Cleo-

latives of A. lhaliana (eg IVniii-i 200<h
'"..idea.- << -ipparaceae) and Mrassieaceae (Rodman
et al.. 1994). On the basis of a little generic sam-

pling. Judd et al. (1994) proposed merging Bras-

34o" genera and some 335(1 "specie's
sira( ' ear an,J ^apparaeeae in one family, but recent

ributed worldwide , sp, , ialb in t, i.ipera.e re-
l,, '^<" la

'
< )ala <' < :

-
"all el al.. 2002) clearly sup-

s of the Northern Hemisphere (Al-Shehbaz. l
M,rl ,m " mailll, ' ll;,nn ' °' K'assicaceae, Cappara-

i; Appel & Al-Shehbaz. 2002). The family.
r, ' at *- aml (

;

l( '<»">acoae as three distinct but closely

•h has long been recognized as a natural group,
re, ated families.

ell defined morphologically and has a fairly
A Letter understanding of evolution within Bras-

orm flower structure. The flowers are radially
*"accae can be achieved only by a comprehensive

metrical and consist of four almost always free
review of sll,,hVs 'anging from the population level

lis in two whorls, lour free petals (though some- '" analyses from the iiilraspecifie level to the entire

s lacking), often six. free, telradvnamous sta- family. This should lake into account data from

s (outer 2 shorter than inner 4: though mam analorm. morphology, .horology, cytology, popula-

tion biology, ecology, and molecular systematics. in-

cluding results from studies of A. lhaliana. The

relevant literature from the past decade on inolec-

slandingof phvlog. nv. evolutional v trends, and pal-

species of th« • large genus h'pid, turn I, have four or

only two stan lens), and a biearpellale ovaiv almost

always with a false septum (a pa rlilioii divi .11 ng .1

ovary into tw( » locules). On the.

Brassicaceac exhibit enormous diversity in size.

shape, and s tructure. They are the sour- e of the

most important diagnostic charai sters for the delim-

itation and identification of tax; s ranks.

The fruits an J often dehiscent. 2-valved , apsides

divided longitudinally by a septum, though In mam
genera the fin and/or tin

is totally lack ing. Some groups a re characterized by

The review specifically identifies new challenges in

the systematics and phylogenv of Brassicaceac.

proposes a few generic alignments and groupings,

ami determines group- mo-l in need of studies.



Review of Brassicaceae Researc

The Dii.mii dC polyploids ami llic mechanisms be-

hind the establishment of newly evolve! popi la

lions and ta\a air anions the main challenging

questions in plant sciences iliamsev t!\ Scheinske.

IW«; Thompson cK l.umaret. 1992; Petit et al..

1999; Soltis & Soltis. 1993. 1999). Recent studies

of the overall genome -tincture of hybrid and poly-

ploid taxa provide new insights about tin- dynamic

these studies were generated on the basis of arti-

ficial hybrids or by comparali\e mapping (Biese-

berget'al.. 1999: Bieseberg «!x binder. 1999: Pag-

ercrantz. 1998: kowalski et al.. 1994: Axelsson et

al., 2000). Comparative genome analysis of some

Brassicaceae (Acarkan et al.. 2000) has shown that

structural rearrangements occurred with a signifi-

cantly higher frequency m polyploid Hrassira than

in diploid Arabidopsis tluiliana or Capsella rubella

Rent. By contrast. Axelsson el al. (2000) have

shown thai the genome ol I',, jiuirra remained al-

most unchanged since the species originated as an

li, ii I I nil" i
and /.'. m/Hi.

Unfortunately, such studies air based only on a few

cultivated species ol lUassun and on 1. llialiana.

and hardly anything is known about other poly-

ploids in the family, especially those with very high

chromosome numbers such as Cardamiuc diphylla

(Michx.) A. Wood (2/i = 256), which has the high-

est known numb, i in brassicaceae (see Al-Mieh-

baz. 1984). Polyploidy is widespread in the Bras-

sicaceae. occurring in at least 37% of the species

(Appel & Al-Shehbaz. 2002): some genera (e.g..

Crumbe P.. Moric audio PC. \clla P.) appear to be

exclusively polyploid (Al-Shehbaz. 1984). If we

consider the diploid species of lirassica and other

genera (e.g., Physaria (Mutt, ex loir. & A. Cray) A.

Cray, including l.rscjiicrclla S. Watson) as "palaeo-

polv ploiif-" (see below), the percentage ol p.«lv ploid

taxa in the family will be at least 50% (authors'

compilation), \llopolv ploidy is probably the most

common mode of hvbrid spoliation in the Brassi-

caceae and accounts for the majority of polyploid

species (authors" compilation). However, phyloge-

(ii polyploids occurred al rales higher than in dip-

loids.'

Molecular methods have helped to elucidate the

complex evolutionary history ol inanv illopob plo>

groups in the family. Arabidopsis sitcrica (Pr.) Norrl.

(« = 13). an allopolyploid species derived from A.

ihaliaua (u - 5) and 1. arcnosa (P.) Pawbee (n =

8) (Mumnienhoff \\ llurka. 1991. 1995: Kammet

al.. 1995: (Tkane el al.. 1997: Comai el al.. 2000).

is one of the best studied species of hybrid origin.

Other studies include lirassica (Palmer et al., 1983;

Prickson el al.. 1983: Pagerca.it/. cK Pvdiate. 1990).

Arabis holboellii llorne.u. (Sharbel & Mitchell-

Olds. 2001; Koch et ab. 2003a). Capsella Me.lik.

(Mumnienhoff & llurka. 1990; llurka & Neuffer.

1997). Cardamiuc Xiusucta Urbanska and C.

scbuhii I rbanska (I rbanska et al., 1997; Franzke

o, Mumnienhoff. 1999). Cardamine Xeuriquei Mar-

hold et al. (Marhold et al.. 2002b). Diphlaxis DC.

( Mum-,,,,, holf et al.. 1993). Ihaba (Brochmann et

al., 1992a, 1992b. 1992c; Wiclmer & Baltisberger.

1999a), Nasturtium R. Br. (Blocker et al.. 1999),

and Rorippa Scop. (Bleeker & llurka. 2001). More

rccenllv. research focusing on hybridization and po-

..
i ainonj , ruciferous plants has been

attributed additional importance because of the

successful crosses between the model organism \r-

diana and its w ild relative A. Ivruta

(P.) O'Kane & \I-Shehbaz subsp. pvtrava (P.)

0'Kane & Al-Shehbaz (u = 8) (see Nasrallah et al.,

2000).

A knowledge of the patterns of speeialion and

species relationships within a group of plants is

critical for the understanding of its morphological

evolution. I.cpidium. vx liuh exhibit- , Ilmal di-

versity than anv othei genus ol brassicaceae. shows

that more than hall ol ils species lack the lateral

stamens and most ol these also have reduced pet-

als. The species with reduced flowers are distrib-

uted primarily in the Americas and Australia/New

Zealand. Prey ion- phvlogenetic studies with non-

coding regions of cpDNA and rDNA ITS showed

incongruences in mosl New World species relation-

ships (Bowman el al.. 1
9O0; Mumnienhoff el al..

2001a). This, combined with the presence of many

polyploid species, implied a reticulate history of the

genus, but did not provide enough information to

To address this question more thoroughly, sequenc-

es of the first intron of a single copy nuclear gene.

PISTILLATA (PI), were determined' from 43 Iri-

dium species. The phvlogenetic analysis of the PI

intron siiggc-is thai many species in the New World

might have originated Iron, al lopolv ploidi/al ion cor-

related with floral reduction. Interspecific hybrids

were generated to I. -si this hypothesis, and the phe-

notypes of P, flowers indicate allelic dominance ol

the absence of lateral stamens. This suggests that

propagation of dominant alleles through interspe-

cific hybridization could account fc

of the allopolyploid species without lateral s

(Pee et ab. 2002).

Hybridization and reticulation have been
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concerted evolution of llic internal

spacer regions 1 and 2 (Koch et al.. 2(K

case stu.lv it is remarkable that a|n

played an important role in specialion „,! dii

Polyploidy also played an important role in the

evolution of species complexes. particnlarl\ .luring

time periods greatly influenced by glaciation and

deglacialimi. flu- holds true lor \nd>idopsis siteeica

in Scandinavia (Mummenhoff & Hurka. 1991,

1995; O'Kane et al.. 1997), the Cardamine prote-

sts complex (Franzke «!x Hurka. 2000). Cardamine

amara (Marhold et al.. 2002a). and Cochlear!*, L
in Kurope (Koch et al.. 1900. 1 998a; Koch, 2002).

Furthermore, diversification of most species of Dra-

in, (Koch & Al-SI.ehbaz. 2002; Brochmann et al..

1992a. 1992b) is best interpreted by reticulation

and polvploidi/.alion during the last lew million

years. In the absence of significant glacial influ-

ence, however, hybridization, reticulation, and
pobploiib apparently have played an important

role in the evolution ol old species complexes in

the genera Yinshanio Ma & Y. X. Zhao in China

(Koch & Al-Shehbaz. 2000) and Ylicrothlaspi K K.

Mey. in the Balkans (Koch et al.. 1998c; Koch Ox

Hurka, 1999).

origin of (alloploid) hybrid taxa. But techniques

such as genome mapping and OTI. analysis will

allow us to sludv main detail- of hv bridi/alioii and

speciation (Bradshaw et al.. 1995: Rieseberg et al..

1995). It is also important to measure in future

studies the relative filne— nl hvbiids and parental

taxa in a range of habitat- to further elucidate the

role of natural hybridization (Arnold. 1997). Fur-

thermore, to lest the evolutionary importance of hv-

PoPUI.ATIONAI. DlKK

and genetics. Numerous phenotvpic traits have

been analyzed in Brassicaceac. including local a«l

aptalion aero-- climatic gradients in \rahis feeunda

Rollins (VlcKav et al.. 2001) and Capsella (Hurka.

1900; Hurka K Neuffer. 1907: Neuffer & Hurka.

1900; Neuffer^ Hoflrogge. 1999). survivorship in

ibis laevigata (Muhl. ex Willd.) Poir. (Bloom et

. 2001). glucosinolate accumulation during plant/

l in Arabidopsis tlioliono (Kliebeu-

stein et al.. 2001). and herbivore resistance and

pollination in Hrassiea rapo (Strauss el al., 1999).

Capsella bursa-pa<H»ris (I..) Medik. was studied for

maternal effects upon germination behav ior (Neuf-

fer & Koch. 1996). mechanical stress (Neuffer &
Mevei-Wall. 1000). flowering time (Neuffer & Hur-

ka. 1980; Neuffer & Barlelheim. I9H9; Neuffer.

1990). and leaf morphology (Neuffer. 1989). De-

tailed analysis of host-pathogen interaction and

their coevohition have been aiulv/ed in Brassica-

ceac (Conslanti.iescu cK Fatehi. 2002). particularly

in \rabis (Boy. 2001). and studio have focused on

plH'iiotvpic plasticity, reaction norm, and ils evo-

lution in A. thaliana (Pigliucci <S. Bvrd. 1998: Pig-

liucci & Schmilt. 1900; Pigliucci el al.. 1999; Pig-

liucci & Marlovv. 2(HH: Pigliucci. 2002; Pollard et

al.. 2001). Mam of these im estimations have also

used molecular markers, isozymes, or B \PDs to

study intra- and inlerpopiilalioiial dilleiviiliatioii

(see Appendix 1, parts II and III).

The majority of these investigations have, how-

ever, neglected the genetic diversity stored in the

soil seed bank. Depending on the Ivpe of seed bank

and the reproductive biology of the selected spe-

cies, the seed bank may play an essential role in

the recruitment and establishment of new genera-

tions. The spalial genetic structure of the subpop-

ulalion- (surface and ahoveground populations)

represented by seeds may account for significant

changes in the gem-tic constitution of plant popu-

lations during their history. The soil seed bank not

only reduces the rate of genetic erosion (e.g.. via

genetic drift), but also may compensate environ-

mental changes in space and time. Of the seven

known studies focusing on seed-bank genetics

(Tonsoret al.. 1903: Alvarcz-Buv lla & Carav. 1994:

McCue cV lloltslord. 1008; Main el al.. 1999; Cab-

in. 1996; Kvans et al.. 2000: Koch el al.. 2003a).

the last three were conducted on members of the

3. Cow i ta. i yi Fvou no\ or \1< >i;i-iii )i cx.n \i

CtlAHAC'IKHS: Moi.KCl I.AR PUYI.OCKNKTIC

Studiks Contradict Thaimtionai. Svstkms ok

Tribal Classification

Traditionally, the Brassicaceae have been divic

ed into tribes and sublribes on the basis ol reh

tively few characters (morphology, embryology

Major disagreements are readily observed by con

parison of the systems of Havek (1911). Schul

(I9.-U)). and .lau.l,,,, ,PH2l. \l,,lcc,la. .lata den
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In 1 1n- family.

tionally in these three classification svslcms docs

in. I prov idc |.li logon in i
I i i i live characters

to distinguish several groups (Koch el a I.. 2(H) I a j.

The major drawhaek of all ihe classificalioii sys-

tems proposed thus lar is their almost complete fail-

ure to accommodate convergence ol niorpl <>h>gi, ,i

characters. In fact, molecular studies reveal ho-

moplasv in almost even conceivable morphological

character in the lhassicaceac (Price et al.. 1994;

Zunk et al., 1996; Mummenhoff et al, 1997a; Koch

& Mummenhoff. 2001; Mummenhoff et al., 2001a.

21)01 li). Lor example. gamo-epalv. which is rare in

the family, has recently been shown to have evolved

independently in at least 12 genera (Al-Shehbaz.

2001). As for fruit morphology and cotyledon po-

sively used in every facet of taxono

convergence is so widespread th,

should be taken in classification i

of taxa solely based on these eharact*

exampl

Artihidopsis Heynh

ized by linear an

(•homes, and eoty l.-dous that are primarily aeeinn-

benl. Recent molecular studies (Koch et ah, 1999a.

2000, 2001a; Al-Shehbaz & O'Kane, 2002a;

O'Kane & Al-Shehbaz. in prep.) have pro\ ided am-

ple evidence that both genera are poly phy lelie. and

an overemphasis on these homoplastic characters

is the main reason for their artificial delimitation.

(.oiiverseK. |a\a that appear to be quite diflereiil

morphologically may in fact be very closely related.

m al diversity in habit. Irichome type, flower color.

in i
- i, i

i i, J "il , I, in u I olngy. but mo-

lecular data clearij support itsmonophyb (KoehvK

Al-Shehbaz. 2002). For Thlaspi I... molecular data

(Mummenhoff K Koch. 1991: Zunk et ah. 1996;

Mummenhoff et al.. 1997a. 1997b; Koch & Mum-

ol i> I, _'U(»I I piovide strong support for the rec-

ognilion of several segregates as proposed by Meyer

(I97.'5. 1979) based on seed-coat anatomy. The mo-

lecular phylogeny of Thlaspi is not congruent with

the traditional classification of Schulz (19.50) based

on fruit form. Several lineages in the molecular tree

include Thlaspi species with diverse fruit types,

whereas species with the same Iruil tvpe belong to

diflercnt chides, thus prov idmg strong evidence for

convergence in fruit traits. As for h-piiliiim. the

cpl)V\ sc(|uence phylogeny one.- again demon-

strates the widely artificial nature of the traditional

classification schem

this genus (Biiiggciiai n. 2001): Miiinine nholl el al..

200 1 a I. Numerous older examples of honmphisv in

e an be demoiist rated in Cixhltnna L. (Koch et al..

1 000b; Koch & Al-Shehbaz. 2000). Arahis and Ar-

ahidnpsis (Koch el al.. 1999a). Ihalm (Koch & Al-

Shehba/. 2002). Cardamine L. (including Dcnlaria

L: Franzke et ah. 1998; Sweeney & Price. 2000).

Mirmlhlaspi (Koch & Mummenhoff. 2001), and the

halimolobine clade (Bailey et ah, 2002).

Some traditionally recognized tribes have been

shown to be polyphyletie, including Arabideae e

Lepidieae (Koch et al., 1999a, 2000, 2001a) i

Sisymbrieae (Koch et al., 2001a; Bailey et

2002). Moreover, boundaries between the tril

Alvsseae are highly artificial (Zunk et ah, 1993;

Price et al.. 1991). The tribes Brassiceae. Thely-

podieae. and lepidieae have long been thought lo

be natural groups (Al-Shehbaz. 1973. 1981: Zunk

el ah, 1999). but the results of Koch et al. (2001a;

strongly suggest that the Lepidieae are polvphy lel-

ie. This tribe is based solely on the presence of

aimiisliseptate fruits (Schulz, 1936), a feature that

in fact evolved independently within lepidieae.

brassiceae (e.g.. I'svchinc Desf., Schoiiivia DC),

and Thelypodieae (Ctudanthus californicus (S. Wat-

son) Pav-on). Moreover. Capsclla. Ijepidium, and

Thlaspi s.h. which have been placed in Lepidieae

in every system of classificalioii of the family, are

eleailv uiuelaled. and Capsr/la shows more allini-

lies lo \rabidopsis than to either Iridium oi Thlas-

pi (Koch et ah, 2(K)la; O'Kane & Al-Shehbaz, in

prep.).

Moiiophvlv ol Ihe Prassiceae is shown in a series

of studies summarized in Warwick and Black

(1997a. 1997b). Members of this tribe are charac-

terized by haying segmented (heteroarthrocarpous)

fruits and/or conduplicate cotyledons (Appel >!\ Al-

Shehbaz. 2002). and there is strong evidence that

reversals in one or both characters have taken

place. Segmented fruits and conduplicate cotyle-

dons are among a few characters in the family

where convergent evolution apparently has not oc-

curred.

The Heliophileae. a tribe comprising six South

African genera that mostly have diplecolobal coty-

ledons (Appel .\ Al-Shehbaz, 1907), are also likely

monopliy lelie. Preliminary ITS sequence data

(Mummenhoff el al.. unpublished) strongly support

the monophyly ol Heliophila L. and related genera.

However, the phy logenetic relationships within He-

liophileae are nines,, Led. hii, I ihe sinallei genera

llniflncarpara DC. C\clopl\chis L. Mey. ex Solid..

St hlrrhleria Bolus. Silicularia Compton. and Thins-



nltila and might not be laxononucallv distinct

m it. The last genus exhibits far more diversity

habit, leal morphology, (lowers, fruits, and seeds

m any other genus in Brassicaceae.

Outside of the Brassieeae and Heliophileae, the

yledonary position is unreliable in tribal dela-
tion. Within several genera (e.g.. Erysimum) or

'I' speries (e.g.. h-pidium rirgiiiicum L) one

ds both aeeunibent and incumbent cotyledons.

most common types in the family,

ippears thai except for these two tribes, the re-

inder of the family is not readily divided into

ge monophyletie groups based solely on single

tribe Brassieeae ha\e identilied six reasonably

well-di-lnied groups corresponding to sublribes.

Ihmevei. lr.idilion.il laxc n\ (e.g.. Coniez-Campo.

1W9; Comez-Campo & Brakash. 1999) did nol

lake into consideration the overwhelming in,,le. ulai

data that ha\e accumulated over the past decade.

.1111
1 Hias.sHa. Diplota.xis, Enicaslriim, and Sinapis

continue to be artificially ilelinnled following

Schulz (1936). The
'

era (e.g., seeds

vs. ebracteate) exhibit enormous homo|)lasv

throughout the family, yet they are taken in these

ulardata (Warwick K black. I 9971,). species of all

four genera fall into two inonophy lelic groups, the

nigra and rapa chides, thai also include many
smaller or inonotypic genera. In our opinion, laxa

within the rapa anil nigra chides need extensive

studies lo establish nionophv lelic groups and to ic-

ualion of morphology. Warwick and Black (1997a)

also clearly demonstrated that Cakilc Mill.. hides

mils Desv.. and Enicaria Caertn. form an unre-

solved chide, (.a/ale is distinguished primarily by

having corkv (instead el nou-coikvi hints and ob-

solete (vs. distinct) styles. Corky fruits evolved in-

dependently in some species of Crambe and AV
p/ianns. and this I, -aline i-, unreliable lor generic

three genera were maintained by Appel and

Shehbaz (2002), further studies may prove that th

are congeneric.

Molecular data (Warwick & Black. IW4; Cres

et al.. 2000) provided ample evidence that Bolei

Desv. and Euzomodendron (loss, are nested will

U'Ua, which prompted Warwick and Al-Shehli

(1998) and Appel and Al-Shehbaz (2(K)2) to re

ognize one genus, Vella. Of the entire Brassicet

ol .1 I ,. However. Ooniez-Campo | I 999
: |«))

tincl sets of adaptive characters . . . lor seed dis-

distiuet vs. vestigial seed wing, seed number, fruit

dehiscence) are also homoplastic elsewhere in the

lanulv and. therefore, should not be overempha-

sized at the expense of the extensive molecular data

now available. In (act. Iruil iiidehiscence evolved

independently iiuinei oils limes 1 1. .| ,,ul\ within

Biassieeae but in the entire family (Appel <X Al-

Shehba/. 2002: Mim.n.enhoff el al.'. 2(M)la). Of the
.'*..'

1 7 genera of Brassicaceae recognized bv \ppel

and Al-Shehbaz (2002). 125 are monotypic and

about an additional UK) contain two lo lour species

lohgohpii |. \lol( cnlai -Indies -how that several of

the monohpic genera are indistinguishable from

olhei larger getieia. I'ol example, both \tfallis IMiil.

ami Tivisselmannia Al-Shehba/ are nested within

and should be united with Tropidocarpiim I look..

wheieas llugueninia Rchb. should be united with

Desrurainia Webb K Berlhel. (I'rice c\ \I-Shehbaz.

20(«). Other examples include the union oUaco-
carptts O. K. Schulz with Sisymbrium and \eobeclda

Oreene with Rorippa (Price, pers. coiiiin.). Ilulruin

and Euzoinadeadrnn with \ella (Warwick & Black.

1991: (Irespo el al.. 2000). hi Oarn.-Jones K \\ \.

I Cardamine (Mitchell

Ctifiri2002). Paehyphragma (DC.) Rchb.

Krai with Thlaspi s. sir.

2001b). and Drahopsis k. koch with Drain, (/

Shehbaz i\ koch. in prep.). We believe that up

a combination of molecular studies and critic

evaluation of morphology the vast majority of mor

typic or oligolypic genera will eventually be nierg

with other genera.

Molecular data indicate that the largest gem
of the family, including Draba (350 spp.). U>pidii

(ca. 220 spp.). Cardamine (200 spp.). Erysimi

(180 spp.), and Physaria and h'squercUa combin

(100 sp|).). are monophyletic-. Studies are need

monophy ly of \l\ssum (170-1'

•lulling Meiiiaeiis Desv. and Plilalriefiiim



A. Mey.. ami Rnrippa Scop. (73 spp.). /'.'/ \suuum i-

I, ' KnnicalK one of ' ie most dilli< nil -nicra of I Lit
-

lamilv. ami il is much in need of extensive phylo-

gem-tic -1uilii->. Phylogetielic -Indies on Sisym-

brium (Warwick el aL 2002) show thai the genus

is polvphvlelic. that il should consist of 43 Old

World and I New World species, and that the re-

maining 10 species in the Mew World belong to

other genera allied to the I 'hel\ podieae sensu \l-

Shehbaz (1973).

As for Arabis, molecular studies (Koch et al.,

1009a. 2000: O'Kane & Al-Shehhaz. in prep.;

Price, pers. comm.) clearly demonstrate that it is

pol\ph\lelie and thai most of the species recog-

nized by Rollins (1993) should he assigned to

Hoechera A. Love & I). Love. Turrit is I... Pennellia

Nieuwl.. and \rubidopsis. whereas some of the Ku-

ropean species (sensu Jones & Akeroyd. 1003)

should he assigned to Fourraea Center cK Hun let

and \rabidnpsis. \rabis lias heen liadilioualb de-

! 1 1 1 1 1 !• <
I

-o|i-|\ h\ having hranched 1 1 •ichonies. Hal

and linear fruits, and acciiiuhent enly ledons. a com-

ol IJra>sjcaceac The entire \rabis complex is much

in need of further morphological and molecular

studies, but all of these segregates do not appear-

to be closely related to the core of
' Arabis that in-

cludes the l\pe specie-. I. tdpina I ..

Kxtensive studies on Lepidium (Hriiggemann.

2000; Vluinnienhoff. 1003; Mummenhoff & Hurka.

1991; Mummenhoff el al.. 1992. 1003. 2001a;

genus should include C.urdariu Dc-\.. ( jirnimpus

/inn. and Stroganouia bar. v\ Kir. and that the last

• two genera are polyphylelic. Hased on such data

and on a critical re-e\alualinn ol morphologv. \l

Shehbaz et al. (2002) united all three with />•/>/-

(Hum. Although Irpidtum shows more diversity in

the reductions of petals and stamens than am other

genus in the family (bowman & Smyth. 1908: How-

man et al.. 1000). it is well defined by having an-

gusliseptate (rarely terete or 4-angled) fruits and

two Mihapical ovules one in each loculc. Other gen-

era that show this combination of characters (e.g..

\eanlliocardamum Thell.. Delpinophylum Speg..

StubendorJ'/ia Schrenk ex Kisch.. C. A. Mey. c\ Ave-

ball.. Wink/era Hegel) should also be studied, and

it is quite possible that they. too. might be conge-

The polycolpate clade (Al-Shehbaz & O'Kane,

2002b: O'Kane vK \I-Shchbaz. 2002) is a mono-

phyletic New World group readily distinguished

from the remaining 90 r
/r of Hrassicaeeae by having

4-10-colpate instead of strictly 3-colpate pollen.

The clade comprises Plnsaria (including l,es<pier-

! yrea Man . Lyr-

oearpa Hook. ik llarv.. Nerisyrenia Greene. Pay-

sonia O'Kane & Al-Shehbaz. and Synthlipsis \.

Cray. Se<jirence data of this group (O'Kane K Al-

Miehba/. unpublished) ill GenRank have recently

been taken by Kropf (2002) in his comprehensive

ITS tree. The results support the monophy b ol ilie

Physariu clade and place it between \rabidnp-.is

and Olimarabidopsis Al-Shehbn/ el al.

Although no comprehensive study has been con-

ducted on the cardaminine clade. a compilalion of

various works (Bleeker et al.. 2002a. 2002b: I r..../-

ke et al., 1998: bes. 1994; Mitchell & Heenan,

2000: Sweeney & Price, 2000; Price & Sweeney,

pers. comm.) shows that it consists of Cardamine

(including Dentaria and ///'). \aslurlium. Rnrippa

(including Neobeckia), Barbarea H. Hi.. Armorucia.

lodanthus (Torr. & A. Gray) Steud.. L-arrmcorlliiu

Torr.. Plumules Greene, and Selenia Nutt. The vast

majority of taxa in this clade occupy wet or mesic

habitat.-, are glabrous or rarelv have simple Iri-

chomes. and have dissected or compound leaves.

do i" i- d fruits, and mostly accumbcni coty ledons.

A few exceptions occur, but this is a well-defined

group that perhaps uiclude- the genera Lignariella

Haehni. Xeomarlinella Pilger. Ornilhoearpa Hose.

Pegaeopliylon Hayek M Hand.-Ma/.z.. Raphanoryn-

cha Rollins. Subularia L, Taphrnspermitm C A.

Mey.. and Yinshania. The analysis of Kropf (2002)

nested within (Uirdumiuc and ///' (New /calaudi

forming <i -i-ler group with the unrelated Bivanaea

DC. (Mediterranean) instead of being nested within

Cardamine (Mitchell & Heenan, 2000).

The halimolobine clade is an exclusively New

World group that consists of llalimolobos Tausch,

Manena Wedd.. Pennellia NiewL Sphucmearda-

mumSchaur. and. vet lo be described, a new seg-

regate genus (Bailey el al.. 2002). Almost all mem-

bers of this clade have dendritic Irichomes. plump

leaves, and small white (lowers with suhtdradv mi-

nimis stamens. The clade is related to other North

American genera with branched Irichomes. includ-

ing Hoechera. Cus'ukiella Rollins, and Perinea

Price el al.. bill some South American species of

Sisymbrium that have dendritic Irichomes. all ex-

cluded from the genus (Warwick et al.. 2002).

should also be tested.

A morphologically well-defined group of primar-

ily central Asian genera (e.g.. Chart, >lnma Rung,-.

(daslaria Roiss.. Cnldbarhia DC. Isulis L, Litwi-

mncin Worounw. /',/, <h \ph-r\isium Riinge. Pugion-

ium Gaertn.. Samcruria Des\.. Sehimpera llochsl.



Fiscli. ex DC.) has not been studied phvlogeneti-

(•ally, and it probably forms a nionopliy li-li.- clade.

All members arc characterized hv ha\ ing indehis-

cenl. I- or 2-seeded. primarily angusiiseplale

fruits, yellow or rarely v\liitisli Mowers, sessile often

auriculate cauline leaves, and simple or no tri-

chomes (Appel & Al-Shehbaz, 2(K)2). Only ITS

data for /.satis are available, and the genus appear
to be related to llm-e uilli august iseplate fruits and

simple or no trieliomes (Kropf, 2002).

Based on ITS data (Warwick et al.. 2002). most

of the New World \meriean genera will) simple or

no Iriehomes. as well as I'ringlca (si\ i>l;iii<l> in i li<

-

South Indian Ocean), form a large unresolved . -lade

that includes members ol the Thelypodieae sensu

Al-Shehbaz (1973). This clade encompasses taxa

ular and morphological studies are needed to re-

solve its generic limits. Among the genera that fall

in this clade are most ol the South American Sis-

Miihmun. Ihvoprlaluni \. Orav. Ibspcridanthus (B.

L Rob.) Hydb.. Mostacilla.slrum 0. K. Schulz. Si-

bam Creene, and Werdrrmannia 0. K. Schulz. Oth-

er genera that should be studied are Cbilurarda-

mum0. K. Schulz. Dirt yophra limits 0. E. Schulz.

Frvmodraba (). K. Schulz. \<>uoiitohotrys O. K.

Schulz. Phlcbwpbnigmus (). K. Schulz. I'hh-bolob-

ium (). K. Schulz. l>olypsi>cadium 0. K. Schulz. and

Sanodraba Cilg & Vluschl. I'epper and Norwood

(2001) have shown Caulanthus S. Watson to be

polyphyletic and. logethei with Ciiillcnia Creene.

is nested within Slrcplantliiis \ntt. In our opinion.

these three genera, plus Strcptantliclla Kvdb. and

Sibarop.si.s S. Boyd & T. S. Ross, are peifectly al

home in the more inclusive Slrcplantliiis.

Trichome type is a feature used extensively in

the delimitation ol genera of Brassieaccao.

Ihaiich.il liirhoiiir-. apparently evolved indepen-

dently at least two or three times in the family (Cal-

loway el al.. 199B; Koch el al.. 2001a; Kropf.

21)01') However, little is known about the genetic

back-round behind ill.' -lull in trichome morphol-

ogy. Knowledge of the molecular basis of trichome

development in Arabidopsis tbaliana (see the ex-

cellent review of Szymanski el al.. 2000) is rapidly

expanding. Once the genes coding lor the devel-

quenced. we should be able to use ihesc markers

as potentially powerful tools in phvloge.ietic studies

in Ihe family. Such knowledge will also help in un-

derstanding lh,' origin ol glabrous from ihe pubes-

acters (e.g.. segmented

corky vs. non-corkv ones, dehiscent vs. indehis-

ccut. seeded vs. seedless segments, winged vs.

wingless seeds, flattened vs. terete valves) are un-

derstood, the taxouomv ol the lamib could be based

on more solid foundations. The differences in fruit

characters often are overemphasized al the expense

of more useful features lli.il an- largely ignored. Two

examples demonstrate that. First. Ticissclmannia

was shown by Price and \I-Shehbaz (200:'.) lo be

itli-nlical lo 'thipidocarpiuii in their . liloi,.pLi~l gene

ndhV and unclear ITS. Tiiis.se/mannia has short (
1-

> mmlong), oblriangular. 1- lo 8-seeded fruits su-

pcrhciallv resembling those ol
'

C.apst>lla bursa-pas-

loris. whereas Trapidixarpnm has longer (10-70

mm) narrowly linear or oblong. If)- 70- seeded

fruits. These genera arc indistinguishable in every

aspect ol habil. leaf, laceinc flower, and seed mor-

phology. Second, based on nuclear and chloroplasl

DN \ se<|uenees. Miunmenhoff et al. 12001b) have

clearly demonstrated that Al/iaria (with linear,

wingless, subterete to 1-aiiglcd fruits) is nested

within Thlaspi s. str. (obcordate. winged. s| n ,iiglv

angustiseptale fruits). Traditional laxoiiomv (e.g..

Schulz. 1036) places Mliaria in the tribe Sisvm-

brieae and Tlilaspi in the l.cpidieae. Both genera

have concentrically striate seeds, a character not

known elsewhere in the Brassicaceae. and molec-

ular data strongly indicate thai thev -hoiild be unit-

ed, a position with which we agree. In this context,

it is important to note that fruit dehiscence (also a

diagnostic character for generic delimitation: see

above) and the relative length of fruit are controlled

in 1. (Indiana by only few M \DS-box genes, i.e.,

^IIYIIIKI'liOOF ami F/U ITFIIJ. (I.iljegren el

al.. 2000; Kerrandiz et al.. 2000). Weconclude that

fruit characters alone may well lead to erroneous

should be critically evaluated in light ol molecular

and other morphological dala.

\rabidnpsis represents a classic example where

molecular studies have contributed lo a belter un-

derstanding of lis laxoiiomv and generic delimila-

assigned lo the genus are now placed in 14 genera

(Al-Shehbaz el al.. 1000) and. as presently circum-

scribed (O'Kane e> \I-Shehbaz. 1997: Al-Shehbaz

& O'Kane. 2002a), Arabidopsis includes only nine

species. Support for the new segregate genera pro-

posed by Al-Shehba/ el al. I 1000) comes from ITS

sequences (Koch el al.. I 000;,: O'Kane K Al-Sheh-

baz. 2002. and in prep.), chalcnne sv nthase ( Koch

et al.. 2001a). matK (Koch et at.. 2001a). ami al-

cohol dehydrogenase (Miyashila et al.. 1908).
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nncmti li. lit. in relation lo the rest of Bias- i. aceae

(Zunk et al., 1993. 1996. 1999: Galloway et ah.

1998: Koch et al.. 2001a). Although only the highly

variable 1 l ,
•

• < llohen. (n = 14)

has been studied, the kisal position ol the genus

poses several challenging questions, hirst. Arthi-

I
i I! i

ill

i

i
i

1

i ii

i

i eiill-. ol ")0

00 species (primarily Turkey and the Middle Kasl I.

is much in need of detailed systematic and phvlo

genetic studies (Appel & Al-Shehbaz, 2002). Sec-

ond, fruit morphology in the genus langiisiiseplale.

2- to 8-seeded) has traditionally Keen considered

as specialized (Schulz. 1930). Third. Aethionema

bers (n = 7. 8. 1 I. 12. Ik 10. 18. 21. 22. 21. 30:

see Appel & Al-Shehbaz. 2002). Without critical

plivlogenetic studies of \rlhioncma and several

other southwestern Asian genera, it is premature lo

speculate as to what an ancestral mustard might

look like. It is interesting to note that members of

the Thelypodieae (New World) were considered at

one point as primitive (Al-Shehbaz, 1973) but now

are treated as relati\el\ specialized (Callowav el

al., 1998).

Although substantial molecular data have accu-

mulated during the past ten years, only data on ITS

sequence- are somewhat more e\|en-i\e than those

of other markers. Such data are being svulhoi/ed

b> Bailey el al. (pers. coinm.), and it is premature

to make any generalizations. The coinpil; by

Kropf (2002; of largely unpublished sequences

from GenBank is far from adequate. It would be

rewarding to assemble similar large data sels on

chloroplasl genes and compare them with those ol

ITS -equelli es. \| (1 -| -.Indie- haye coneetll rated on

North American and Kuropean ta\a. and except for

the work of Mitchell and Heenan (20(H)) and Hurka

et al. (unpublished) on the mustards of New Zea-

land and Australia, respectively, hardly any studies

exist on the South American. African. Himalayan.

and central Asian genera of the family. Moleculai

-.Indies on disjunctions, especially in cosmopolitan

genera such as Curduminc. Lrpidiiim. and /,', >ripp<i.

which occur on all continents except

are needed, though the work

function of many ol its gene- ha- been identified,

it is highly desirable thai phylogenetic studies be

based r.n sequence- of genes uilh definite func-

tions, especially those controlling ihe development

ol ti ichonies. leave-, and fruits, structures thai offer

the taxonomic characters most frequently used.

Equally important is to determine on the basis of

molecular data the evolution of individual charac-

ters and the distribution of their homoplasy on a

family -wide basis. I oi example, we have no idea if

the presence of multicellular mulliseriale glands

represents a synapomorphv within the lanulv. and

the evolulion of mauv other characters (e.g.. schiz-

ocarpic or samaroid hints, palmatelv compound

leaves, decurrent stigmas with united lobes, stellate

Irichomes with webbing and numerous rays, seg-

mented fruits, conduplicate or dipleeolohal cotyle-

dons. ])roduclion of garlic smell, to name a few)

needs critical studies. A good example illustrating

this aspect is the determination of evolutionary

(2001a;. lee ,
..Im.'I el ,1

.!!

2002) and floral structure in h'pidiiim (Bowman et

al., 1999; bee et al.. 2002) and fruit convergence

in Thlaspi (Mun.me.ihoff et al.. 1997a), but studies

The absence of a given feature in \mhidopsi.s thal-

itina should also stimulate research to trace if this

species still has at least part of the genome re-

sponsible for that character. The studies of self-

incompatibility in Brassiitt and Us IioiuoIol in b-

abidopsis (Conner et al., 1998; Kusba et al., 2001)

are excellent examples to follow.

3. 4,

ined bv cloning and characterizing

l Lepidium are ideal studies to follow.

The vast majority ol molecular studies in Bras-

sicaceae involved sequences of single markers, but

it is far more important lo study multiple marker-

separately and combined, as was done by Bailey et

al. (2002) and Koch et al. (2001a). Now that the

entire genome of \rabidopsis is well known and the

region-. II there are high levels of genome ('..-lin-

earity, as well as of the gene level (microsv ntenv ).

comparative ge e -mapping experiments can

serve as an eflieiei ol f..r transferring information

and resources from well-studied genomes, such as

that of \ralndopsis. to related plants. Sequencing



ahnlops,-, Cei.ome Initiative. 2000: Blanc et ah.

20(H); Vision et al.. 2000; Simil liciti el al.. 2002)

have shown I lull al least 707, of llu genome is du-

plicated and that the original haploid number of its

ancestors was probably lour. < l< hi I >l< -•
I to eiidil. 1 1 1 • I

rcdiiccil to li\e as a result ol'e\tensi\e chromosomal

Brassica has been thoroughly studied using eom-

|iarali\e mapping experiinenls (I .agercraulz vK I .\

-

diate. 1006; Kovvalski et al.. 1004; Fagercrantz.

1008). Other studies (Kovvalski et al.. 1004: Fag-

ercra.itz, 1008; Orant et al.. 1008; Fagercrantz et

al.. 1000; Cavil et al.. 1008; Jackson et al.. 2000:

O'Neill & Bancroft. 2000; Axelsson et al.. 2001;

Ouiros et al.. 2001) have focused on the Arahidop-

sis Biassira i •oinpaii-uii. These results have sub-

stantiated the view that "diploid" specie-, of Urns

sua. />'. mm,i \n 8). />'. o/eraeea (//
- 0). />'. rapa

(n = 10), have largely triplicated genomes and most

likely have descended from a polvploid ancestor.

Comparative mapping experiments have demon-

strated that approximately 00 rearrangements oc-

curred since the div etgence of \rahidi>psi< and II.

nigra, estimated to have occurred 14-20 million

years ago (Koch et al.. 2000. 2001a: Vision et al..

2000). Higher degrees of genome co-liuearit.v have

been observed in comparisons between 1. llmlitinn

and 1. lyrala siibsp. pctrnca (diveiged ."> \1V\:

De Haen et al.. 1000) and I. lhaliana and Capsclla

rubella (diverged -0.2 to 0.8 MYA; Schmi<lt et al..

2001; Acarkan et al.. 20(H)). Co-linearity on a small

scale (niicrosvntenv ) lias ben delected in several

regions in Arahidopsis and Brassica (Sadovvski et

al.. 1000; Sadovvski K Ouiros. 1008; Conner et al..

1008; Osborn el al.. 1007). although no general

conclusions can be drawn from these studies. How-
ever, similar homologous segmenls with drastically

increased fragment sizes were found. Nevertheless.

binalorial approach of analyzing microsvntcnv

(based on DNA sequence information) and function

(gene expression analvsis) has been perlormed on

a large set of cruciferous plants using |)romoter re-

gions of APFTAFA3. and (41S (Koch et al..

2001b). This analvsis among distantly related spe-

cies mav help to predict gene and promoter fiinc-

ons and specifiei nd may also help achieve a

of the evolutionarv. sigmli-

:s of mutations in coding re-

gions (Slotz el al.. 2000; Bishop el al.. 200(n. ( ^un-

deletions, and rearrangements, as well as for

termining the evolution of duplicated genoi

through time and the unification of genomes wil

polyploids (A. E. Hall et al.. 2002). In our opin

more studies of this kind, though both labor ml

and the role polyploidy played duri

Molecular markers have been utilized as a tool

whose divcisihcatioii has not subslanliallv been in-

DNA markers (e.g., the plaslome ol most angio-

sperms: sec Harris »X Ingrain. |00| : IJebou.l »X

Zeyl. 1994) can be used to trace the maternal lin-

"BAI'Ds" (random amplified polymorphic- l)N As) or

"AFFPs" (amplilied fragment length polymor-

phisms), as well as l)N A se ( |ueiices of nuclear re-

gions such as the frequent ly used internal Iran-

scribed spacers of nuclear ribosomal DNA (ITS-1

and ITS-2) (Franzke et al.. 1998: Francisco-Ortega

el ah. 1900; Bleeker et ah. 2002b). These nuclear

markers serve as tools to deled patterns of genetic

diversity thai are inherited nialernallv and pater-

nally. By using molecular markers, biogc.grapliic.il

(source areas of genetic diversity, vicarianl pat-

terns, migration routes, hybridization zones, sec-

ondary contact zones, etc.) and related evolutionary

(|ue>iioiis (specialion |irnir-Ms. poklopic origin,

etc.) can be addressee!, and the data obtained s.tvc

to develop more appropriate models that explain

present-day distribution and diversity. A recent ex-

ample for such analyses is the coordinated effort to

develop a deepei n iider-laui I i ng ol i|is| i ibu I ion pat-

terns, group differentiation, and the evolution ol

plants in the antic and alpine regions (Stehlik et

ah. 2001). Both BisniWlla F. (Dannemann. 2000:

Treinelsberger el ah. 2002) and Covhlvaria (Koch.

2002) include some species of alpine plants that

have been subjected to such studies. Other studies

on European Aralns alpina F. (I'lanlholt. 1005).

Canlaminr (Franzke vK Hiuka. 2000). and Furasian

Mirmlhlaspi (Koch el ah. 1908c; Koch & llurka.

1000) helped to elucidate colonization routes from

lelugial areas into formerly glaciated areas of north-

ern and central Fnmpe. The analyses of \iahidnpsis

"• :.".; khi J.i ..ii-ii 1
1 .

-.
| d -is bulion patterns of



found in other plant and animal species, all of

which demonstrate that the Iberian Peninsula. Italy.

and the Balkans represented three major refusal

areas during glaciation in central Kurope (Sharhel

et al.. 2000). A comple\ specialion and migration

scenario in lhaba was elaborated for North. Cen-

tral, and South America (Koch & Al-Shehhaz.

2002). Dniho also shows strong affinities to high

alpine regions (e.g.. in the Alps. Scandinavia, the

Himalayas. Rocky Mis.. Andes) and. therefore, its

evolution appears to have been influenced by gla-

eiation and deglaciation periods throughout the

Pleistocene. Studies on the Chinese Yinslmnia elu-

cidated migration over long distances and extensive

ivliculalion during migration (Koch M \ l-Shehba/.

2000). It is remarkabie that, in all cases analyzed

to dale, polyploidization played an important role

in migration and phy Ingeography. and this seems

also to be the case in l.cpidiuiti. Comprehensive

molecular studies of the biogeographie history of

l.rpidium and Korippa on a worldwide scale were

conducted by Muimnenhoff et al. (2(K)la) and

Bleeker et ah' (2002a). respectively. The easily dis-

persible mucilaginous seeds of species of h'pidiiim

and the widespread occurrence of autogamous

breeding s\-.|eiiis suggest a rapid radiation ol the

genus by long-distance dispersal during the Plio-

cene/Pleistocene, an interpretation supported l>\

estimates of divergence lime- based on cpDNA se-

quence divergence. Climatic changes resulted in

the establishment of arid/semiarid areas, thus pro-

viding lavorable conditions for the radiation of //'/>-

idium that led to its current worldwide distribution.

frpidium is represented in Australia and New

Zealand by 10 and 7 native species, respectively.

ITS and cpDN A phylogenies gave strongly conili.l-

ing signals and prov ided ev idence for biconlinental

hvbrid genomic con-l ilul ion in l.rpidium in these

areas (Miunmeiihoff et al.. submitted). Seventeen

\u-lralian/New Zealand s|.ecies share a Californi-

an cpDNA type. As for ITS. nine s|>ecies appear to

harbor a Californian type and eight species share

a South African type. This pattern is most likely

explained bv two trans-oceanic dispersals of U-pi-

d in in from California and \frica into \uslrulia/Ncw

Zealand and subsequent hv hndi/alion followed bv

homogein/alioti ol the ribosomal DNA either to the

Californian or South African ITS type in the two

different lineages.

Some future directions of research should focus

on the origin and early diversification of Brassica-

ceae. There are two contradicting hypotheses: a

western North American and Irano-Tiirani; rigm

(Hauser & Crovollo. 1982). Molecular and morpho-

persal of Brassicaceae. Other research directions

should focus on the range extension of species, as

recent global climatic change- and human activities

will lead to the spread of species beyond their nat-

ural ranges or the reduction of their ranges (Wallhei

et al.. 2002). Studies on \rubidnpsis and Trrsda/m

H. Br. demonstrate the influence of climate on the

global ranges of species (Hoffmann. 2000. 2002).

Such studies may provide information about the ec-

o'.-eograpluc aiuplilu.lc of species. Species of some

genera (e.g.. \asturtium. Curdaminr) have been cit-

ed as examples where hybridization may serve as

a stimulus for the evolution of

Hand & Schiereubeck. 2000).

evolutionary divergence has been the subject of

much debate (Sanderson. 1098: Sollis t\ Soltis.

2001). Questions largely involve: (I) the possibility

of varying substitution rates within a lineage. (2)

differing substitution rales between lineages, and

(."*) the lack of accurate evidence to calibrate the

molecular dock (e.g.. missing loss i | ev id.-ucc) (Sin

derson. 1998. 2002: Britton et ah. 2002: Syvanen.

2002). Kstimates from Chs (chalcone synthase),

\</li (alcohol dehydrogenase), and nuilk (malura-c

K) indicate that the Brassicaceae appeared approx-

imately .">(> million vears ago (MY A) (Koch et ah.

2001a). Synonymous substitution rates of 1.5 X

10 I Chs . 1.7 10
"

estimated (Koch et ah. 2000. 2001a). Siil.slilul ion

rates obtained from these studies were used to cal-

culate that \ndiidopsis ihalianu diverged from its

Ciirdaminopsis-Wki- common ancestor approximate-

ly 5 MYA. while the

of polymorphic A. thaliana

roughly 1.5 MYA (the average divergence lime be-

tween Brassini and \ml>id<>p-,is has been calculated

to be 14-20 MYA: Koch et ah. 20(H)). These results

correspond to findings obtained from divergence

time estimates of the mitochondrial gene for NADU
subunit t (nad\) in Brassica species bv Yang el al.

( 1009b). These data also help to calibrate other mo-

lecular clocks of more widely used markers in

Brassicaceae, such as the ITS or 1rn\, intron and

IrnL-F spacer region (Mui.imenhoff et ah. 2001a:

Bleeker et ah. 2002b). Despite the inherent uncer-

lincd by Sanderson I I OOP,), ihis procedure has been



lion Mini hiogeographv (Bohle el al.. 199(>; kirn et

al.. 1998; Vargas el al.. 1998). Meanwhile, an ap-

proach lo estimate divergence limes in the absence

of rate constancy has heen developed (Samlerson.
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lo calibrate siihsliliition rales of widely used nucle-

ar. epDNA. and mtDNA marker systems by refer-

ence to alternali\e/t r -uhstantiated fossil re-

cords, geological hi->loi_\/e\cnl>.. .llld
|

i.il.lei icl in 1.1 1 n

data (Baldwin ei Sanderson. 1998: Richardson el

al.,2001).
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Cochlcaria (Koch el al.. 1996).

/Mi/wi (Scheen et al., 2002).

bepidium mexenii (Toledo el al.. 1998).

V. V.uplified fragment length ,,„|

(AFLP):
Aruhidopsis llmliana (Sliarbel el al.. 2000).

Can/,„nnn unuii,, I Ma. held el al.. 2002b).

(Jars, .nam,, II.
I >cliul/. I'm In. Union II,.

100.-,: \an der /wan et al.. 2(MM)).

1. /vf«/« subsp. /rtnira (van Treuren el al.. 1997).

Brassica (Harrison X Heslnp-Harrison. 1995: Saal «

2001).

Hiplohni* iMarlin X S.ii.rhe/- Vlamn. 2000).

VII. I)NA Sequencing of

I. Ue^l.i. -lion fragment U

) ,l,lo,o,,lasi (ep) DNA:
ahidopsis. including Cardaminopsis

I Mummeiiholf \N

llrassna iSi.iui «-t al.. I«><>:>; War

I00.{. IWI. |907a. I007I,: V

Brassicmae (Warwick K Black.

Cakilmae (Warwick & Black. 1007a).

Cardaminc (Urbanska el al.. 1997).

Diplolaxis (Warwick et al.. 1002).

Drofea (Brochmannet al.. 1992c).

I.epidieae (/unk et al.. 100.5; /, mk et al.. 1999).

Irpidium (Miiintiiei.hol'l et al.. 1995).

MUrollilaspi (Koch et al., 1998c).

\l.,|-ica.i.liu.e.ie (Warwick ,\ Black. lOOll.

Kaphaninae (Warwick X Black. 1007a).

Savignvir.ae (Warwick K Black. 1 00 I).

Sisymbrieae (Price el al., 1994).

Strcptanlhus [M^c-v & Soltis. IWI).

Thel\podicae(/unk et al.. 1006).

Thlaspidineae (/unk et al.. 1996).

Thlaspi (Mummenhofi ,\ Koch. 1994: Mummenhoff et

al.. 1007a. 1007b: /unk el al.. 1006).

Vellinae (Warwick & Black, 1994).

/illinae (Warwick & Black. 1094).

(b) nuclear riboMimal DNA:
Brass,,,, (llclscn el al.. 1 00(

)

: Malus/wiska X lleslop-

lirassicaceaclkoch d al.. 2001a).

ndh¥:
Cardaminc. including; Dcnlaria (l.es.

Price. 2000).

; Tsukaya et al., 1997).

Arabis (Hoy. 2001).

I. holboellii (Sliarbel A Mitchell <H,k 20(i|

/»'«.. Inn, (Hon. 2(K)1).

Cardaminc. including Dcnlaria (I ran/ke el .

SweeiieN K Price. 2(KK): Meeker el al.. 2(

C pralcnn agg. (kran/.kc K llurka. _>
,.

.2001).

Cochlcaria ( ko<

Or«/>« (Koch & Al-Shehba/.. 2(K)2).

Halimolobos Tauseh (Bailey el al.. 2002).

h'pidium (Mummenhoff et al., 2(K)la).

Mancoa Wedd. (Bailev et al., 2002).

Pennellia Nieuwl. (Bailey et al., 2002).

/,',</,,./>„ (Bleekei X llmka. 2IMII: 1)1, , k, i ,

V" ".'".„„ I, in, inn Shane, iBailcs A |l,,\l,

ley et al., 2002).

Strcplanlhus (Pepp«-r & Norwood, 2001).

Yinshania (Koch & Al-Shehba/. 2000).

(c) nuclear roiling alcohol «l. Ii\ . 1 1 . i-.n;

Wr,W.y..w\ iMisa-lula el al.. I 000. lOOJi).

; Waters ,K Schaal, 1996).



h'arcnuorthui To it. (Charlesworlh et ul.. I'Mi).

(d) nuclear coding S-allele>:

ii, i ((.liaik ^worlh et al.. 2(MM)).

.1 I

' Ml ,

(e) nuclear coding clialconc synthase (CHS):

B.assicaeeae (Koch .'I al., 2000, 2001a).

<('} nuclear codiiiii argininc dccurliow luxi- ( VIM.):

Bm.-sicaccae (Gallowaj et al., 1998).

(g) nuclear coding 2S albumin:

Arabidopsis, Brassica (Boutilier el al.. 1999).

ili I I i i J J'lHOl

, il ninli-ai- coiling .-iciilic i-hiliii;c.e:

\i.,l„ Ilii4,..|. e| al.. 20001.

, HI II I

<
II ! II III V "'I

ade, 2000).

(k) nuclear coding il -al lionic.li.- genes
!

Vl'l I V

LA, IMSTIU.ATA, (Al LIFLOWER):
I , nun ' n-_a.Mii. F>90; |'„-

I'rnnvlii,, (Railcx el al.. 2002).

Pringlea WAnderson ex Hook. f. (War

2002).

Prltzelago (Kropf. 2002).

Romaiischulzia (.). K. Schulz ( Warwick <

Rorippa (Yang et al., 1999a; Bleeker et

,,<-. Gn
>,!.„,

(Bailex & Dovle. I
<>00

: Pa, lex .

irwick et al.. 2002).Stanleya Nutt. (Wan
SiivpKiiiilii'llii l!\(lh. (Warwick el al., 2(

Strcphinlliiis (Pepper Si Norwood, 2001:

rin-hpn,Ii,,psi> liv.lb. (Warwick et al., 2

Thehpodium Kiidl. (Warwick et al.. 2(M

r/j/as/*/ (Koch & Mummenhoff, 2001: \

1 DNA(ITS):

Arabidopsis ((VKane et al.. 1997; Yang et al., 1999a).

\mbis (K.m-Ii el al.. 1999a: Kov. 2001).

/W/,em (Ron. 2001: Koch el al., 2<XK.b).

Branca (Yang et al., 1999a, 1999b; Warwick et al.,

2002).

Brassicaccae llleenan el al.. 2002: Mileliell X Mr. mm.

2000).

Cardamine. including Denturiu (Fran/.ke »S. Mummen-

hoff. 1999: Franzke el al.. 1998; Bleeker et al..

2002b).

C. pratensis agg. (f'rau/ke Ox Mnrka. 2(K)0).

Caulanthus. including Guillenia (Pepper & Norwood,

2001: Warwick et al.. 2002).

Cochlearia (Koch et al., 1999b).

,;,-„„//,c<r'ranci>cn-Orlegaet al.. 1999).

Descuruinia Webb & Berthel. (Bricker et al.. 2000).

Koch & \1-Sheh-

baz. 2002: Widmer & Ballisberger. 1999a, 1999b).

Dryopctalum A. Gray (Warwick et al., 2002).

Eruraslnun C. IYes|'< Warwick el al.. 20(12).

Halimolnl,,* Ml x el al.. 2002).

Ilonumnia I kropf. 2002).

Hymenolobus (Kn.pl. _!im>_...

h-pitlium (Bou man et al.. 1999).

Mamoa (Bailev et al.. 2002).

I.'.
'

I
- I 'I al. 20021

\eolorulami Hedge <K J. Leonard (Warwick el al.. 2002).

i
' ih i Loll et al.. 200lh).

Brassicaccae (Koch el

Itilttmnlobns I
Railcx c

Manr-on (Bailey et al.

Pennellia (Bailey et <

I .

20< .i

. 2002).

L, 2002).

i (Bailey & Doyle, 1999; Bail

Irpidium (bee et al.. 2002).

(q) coding mitochondrial n«d4:

,(Yan, 19 .

VIII.

i \ . ,ki. . I il - 2tMMI \n„„ , I ,1 . 200HI

...'>!
i:' hn. .,'

I
.

:

I""- < I I I ""' <
i

ner et ab. 1998; Lagercrantz. 1998; bagererantz el al..

1996; ban & Paterson, 2000. 2001; ban et ab. 2000;

Rossberg et ab, 2001; Ryder et ab, 2001: Schmidt,

2000: Schmidt el al.. 2001: Sillito el ab, 2000).

Capsrlla bursu-paslonsilAmU-el al.. 2001).

ab. 2000: I

Review (Schmidt. 2000: Schmidt et ab. 2001).

IX. Short interspersed elements (SIM):

Brassiceae (Lenoir etal., 1997).


